Charge and orbital ordering in underdoped Lai_ x Sr x .Mn03 
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We have explored spin, charge and orbitally ordered states in Lai-zSr^MnOa (0 < x < 1/2) using 
model Hartree-Fock calculations on d-p-type lattice models. At a=l/8, several charge and orbitally 
modulated states are found to be stable and almost degenerate in energy with a homogeneous 
ferromagnetic state. The present calculation indicates that a ferromagnetic state with a charge 
modulation along the c-axis which is consistent with the experiment by Yamada et al. might be 
responsible for the anomalous behavior around x — 1/8. 



Lai-^Sr^MnOa have extensively been studied because 
of its interesting magnetic and electric properties!!!!]. An 
antifcrromagnetic insulator LaMnC>3 evolves into a fer- 
romagnetic rinetal with substitution of Sr for La or with 
hole doping) 2 ]. Underdoped La1_2.Sr3.MnO3 with x ~ 1/8 
which is located between the antiferromagnetic insulat- 
ing region and the ferromagnetic metallic region, shows 
many anomalous behaviorsBu. Lao.875Sro.i25Mn03 is a 
paramagnetic insulator above Tqa K) and has a 

canted antferromagnetic state below itcl. Recently, it 
has been found that Lao^sSro.iiaJvlnOs becomes a ferro- 
magnetic insulator below 140 KHB. One important ques- 
tion is why the hole-doped system can exist as an insu-. 
lator. The superstructure observed by Yamada et alia 
indicates that charge ordering is responsible for the insu- 
lating behavior. However, it is still controversial whether 
charge ordering is realized in Lao.875Sro.i2sMn03 or not. 
Ahn and Millis studied the charge and orbital ordering 
in Lao.875Sro.i25Mn03 using a model of strong electron- 
lattice coupling limit and found that the charge order- 
ing proposed by Yamada et al. can be reproduced using 
their modelQ. On the other hand, using the resonant 
x-ray scattering, Endoh et al. confirmed that the su- 
perlattice peak found by Yamada et al. does not show 
resonance at the Mn K -edge and concluded that there is 
no Mn 3+ /Mn 4+ charge ordering in Lao.875Sro.i25Mn03_. 
Another interesting question is what is the origin of the 
ferromagnetism. Since the system is insulating, the sim- 
ple double exchange mechanism cannot be applied. A 
model Hartree-Fock (HF) calculation for LaMn03 has 
predicted that, if the J ahn- Teller distortion is suppressed, 
a ferromagnetic insulating state with orbital ordering 
would be realized-. This means that the superexchange 
interaction between the Mri? + ions can be ferromagnetic 
because of orbital ordering!! Endoh et al. observed or- 
bital ordering below 145 K using x-ray scattering tech- 
nique and argued that the orbital ordering is essential 
for the ferromagnetic and insulating statea. However, 
the orbital ordered state without charge ordering is ex- 
pected to be metallic and may not be consistent with the 
fact that Lao.875Sro.i25Mn03 is insulating. In the doped 
manganites, the orbital modulation should couple with 



the charge modulation in a similar way that the spin 
modulation counlcs with the charge modulation in the 
doped cupratest_l. In order to understand the electronic 
structure of the ferromagnetic and insulating state in the 
doped manganites, it is necessary to consider the compli- 
cated interplay between the charge and orbital orderings. 
In this paper, we study possibility of charge and orbitally 
ordered states in underdoped Lai-^Sr^MnOs using the 
model HF calculation and explore the origin of the ferro- 
magnetic insulating state in underdoped Lai-zSr^MnOs. 

We use the multi-band d-p model with 16 Mn and 48 
oxygen sites in which full degeneracy of Mn 3d orbitals 
and the oxygen 2p orbitals are taken into accounts. The 
Hamiltonian is given by 



H — H p + Ha + H p d, 



(1) 



k,l,cr 



k,l>l',<r 



Hd — €d ^t.ma^rna + U ^^^%m1 ^,m| ^tmj ^i,mj, 
i,m<j i,m 

+ ( u ~ 3 ) 4^^' mcr 4m' o-^ijm' a 



(3) 



V k.l m d k.maPkM + H -C- 



/ j k,lm k,mcr 



(4) 



df ma are creation operators for the 3d electrons at site 
i. d\ ma and p~l la . are creation operators for Bloch elec- 
trons with wave vector k which are constructed from the 
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m-th component of the 3d orbitals and from the l-th 
component of the 2p orbitals, respectively. The intra- 
atomic Coulomb interaction between the 3d electrons-is 
expressed using Kanamori parameters, u, u', j and 
The transfer integrals between Mn 3d and oxygen 2p or- 
bitals V?i are given in terms of Slater-Koster param- 
eters (pda) and (pdn). The transfer integrals between 
the oxygen 2p orbitals V^ p w are expressed by {ppcr) and 
(ppn). Here, the ratio (pda) / (pdir) is -2.16. (ppcr) and 
(ppir) are fixed at -0.60 and 0.15, respectively, for the 
undistorted lattice. When the lattice is distorted, the 
transfer integrals are scaled using Harrison's lawll3. The 
charge-transfer energy A is defined by e d — e p + nU, where 
e d and e p are the energies of the bare 3d and 2p orbitals 
and U (= u — 20/9j) is the multiplet-averaged d — d 
Coulomb interaction. A, U, and (pda) for LaMnC>3 are 
4.0, 5.5, and -1.8 eV, respectively, which are taken from 
the photoemission studyEl 

In Fig. [I], the energies of the spin, charge and or- 
bitally ordered states are compared with those of the fer- 
romagnetic and A-type antiferromagnetic states, which 
are plotted as functions of the hole concentration x. At 
x of 1/8, several charge ordered states exist as stable 
solutions. A schematic drawings of the ferromagnetic 
charge-ordered states are shown in Fig. [| The unit cell 
consists of the four layers of z = 0, 1/4, 1/2, and 3/4 
along the c-axis. Each layer has four different Mn sites. 
In the charge-ordered states, the hole-rich planes (z = 
and 1/2) and the hole-poor planes (z = 1/4 and 3/4) are 
alternatingly stacked along the c-axis. In the hole-poor 
plane, either d3 X 2_ r 2-like or d 3 j / 2_ r 2-like orbital is mainly 
occupied at each site and the 3x 2 — r 2 /3y 2 — r 2 -type 
orbital ordering. This orbital ordering in the hole-poor 
plane is essentially the same as that in LaMnOa although 
it is weak compared to that in LaMnOa. While the or- 
bital orderings at z — and at z — 3/4 are out of phase 
for COl [see Fig. 0(a)], those are in phase for C02 as 
shown in Fig. |^(b). Probably, the orbital ordering in the 
hole-poor plane is related to the observation by Endoh et 
al.a. In the hole-rich plane, for COl, the Mn 4+ -like sites 
form a kind of stripe as shown in Fig. ||(a) and the extra 
holes are sitting at the oxygen sites between the Mn 4+ - 
like sites. For the C02 state, the Mn 4+ -like sites form 
a square lattice and the extra holes are distributed at 
the oxygen sites surrounding the Mn 4+ -like site. The or- 
bital ordering at the Mn 3+ -like sites in the hole-rich plane 
is very weak and depends on the orbital ordering in the 
hole-poor plane. These two ferromagnetic states with the 
charge and orbital modulations are degenerate in energy 
within the accuracy of the present calculation and are 
the lowest in energy among the charge-ordered states ob- 
tained in the present model calculations. Since LaMnOa 
is a charge-transfer-type Mott insulator, the Mn 4+ -like 
site has approximately four electrons. For example, in 
the COl state, The number of 3d electrons at the Mn 3+ - 
like sites in the hole-poor plane is ~ 4.08 and that of the 
Mn 3+ -like and the Mn 4+ -like sites in the hole-rich plane 



are ~ 4.03 and ~ 4.01, respectively. This calculated re- 
sult can explain why the resonant x-ray scattering cannot 
distinguish between the Mn 3+ -like and Mn 4+ -like sitesQ. 

These ferromagnetic states with the charge modula- 
tions are still metallic without lattice distortion. We 
have studied the effect of the lattice distortion which is 
shown in the right column of Fig. |^. The hole-poor plane 
(z = 1/4) can couple with the Jahn- Teller distortion of 
LaMn03. On the other hand, in the hole-rich plane (z 
= 0) for COl, the shift of oxygen ion sitting between 
the Mn 4+ -like sites causes a doubling along the stripe of 
the Mn 4+ -like sites and is expected to open a band gap. 
Actually, we found that the small shift of these oxygens 
less than 0.1 A (Fig. ||), which gives the superstructure 
along the c-axis and is consistent with the experiment 
by Yamada et ala, can open a band gap for the two 
charge-modulated ferromagnetic states. The lattice dis- 
tortion shwon in Fig. |^ is enough to open a band gap 
for the C02 state although the breathing-type distortion 
at the Mn 4+ -like sites is expected to be more effective. 
These ferromagnetic states with the lattice distortions 
are strong candidates for the ferromagnetic and insulat- 
ing state found in Lao.875Sro.i25Mn03. 

A sketch of the ferrimagnetic state accompanied by 
the charge and orbital ordering is shown in Fig. [|(a). 
In this arrangement, each hole-rich Mn 4+ -like site is 
surrounded by six hole-poor Mn 3+ pSates. This can be 
viewed as a lattice of orbital polarontfj which is displayed 
in Fig. ra(a). The superexchange interaction between 
the Mn 3 "-like and Mn 4+ -like sites is ferromagnetic and 
that between the Mn 3+ -like sites is antiferromagnetic 
in this ferrimagnetic state. The orbital polaron might 
be related to the p. 12 A magnetic clusters observed in 
Lao.67Cao.33MnO3E.il It is expected that the existence of 
this orbital polaron makes the magnetic interaction along 
the c-axis ferromagnetic and gives three-dimensional fer- 
romagnetic coupling. Since the Mn 3+ -like sites should 
be accompanied by the Jahn- Teller distortion, the orbital 
polaron might also be related to the Jahn- Teller polaron 
observed in Lai-^Ca^MnOs with x < 0.5c3. On the 
other hand, in Lai-^Ca^MnOs with x > 0.5, the number 
of Mn 4+ -like sites is larger than that of Mn 3+ -like sites. 
In such a case, the orbital polaron, in which a Mn 4+ -likc 
site is surrounded by four Mn 3+ -like sites [see Fig. |^(b)], 
is expected to be relevant. This orbital polaron gives 
two-dimensional ferromagnetic coupling. Actually, it has 
been reported that Ndi-^Sr^MnOs with x > 0.5 has the 
A-type antiferromagnetic state, in which the ferromag- 
netic a6-nlanes are antiferromagnetically coupled along 
the c-axistl This orbital polaron might be relevant in 
the ^4-type antiferromagnetic state of Ndi-^Sr^MnOs. 

At x = 1/4, the homogeneous ferromagnetic state is 
very stable and no ferromagnetic charge-modulated state 
was obtained. However, it is found that an antiferromag- 
netic state with charge and orbital ordering exists as a 
stable solution which is schematically shown in Fig. ||(b). 
This charge-ordered state can be viewed as a lattice of the 
orbital polaron coupled antiferromagnetically. Although 
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this state is higher in energy than the homogeneous fer- 
romagnetic state as shown in Fig. [I], a lattice distortion 
of breathing type may stabilize the charge-ordered state 
relative to the ferromagnetic state. 

There are two possible ways to describe the charge- 
ordered states: a polaron lattice language and a charge- 
density wave language. When the electron-lattice cou- 
pling term dominates the other terms, the polaron lattice 
picture is appropriate. The ferrimagentic charge-ordered 
state obtained above can be viewed as a orbital polaron 
lattice and is expected to strongly couple with lattice 
distortions or the Jahn- Teller distortions. On the other 
hand, the charge-density-wave language becomes more 
appropriate when the kinetic energy term is relevant. It is 
natural to speculate that the electron-lattice coupling is 
weak in the ferromagnetic charge- modulated state com- 
pared to the orbital polaron lattice. The present calcu- 
lation neglecting lattice distortions indicates that a kind 
of Umklapp process can give the modulation along the 
c-axis and that the charge-density-wave picture might be 
relevant in Lao.875Sr .i25MnC>3. Since the number of 3d 
electrons at the Mn 4+ -like site is almost the same as that 
of the Mn 3+ -like site, the electron-lattice coupling is ex- 
pected to be small. Actually the observed lattice mod- 
ulation along the c-axis is very smalB. This is also con- 
sistent with the experimental observation that resonant 
x-ray scattering fails, to distinguish between Mn 3+ -like 
and Mn 4+ -like sitesQ. The present calculation fails to 
give a finite band gap without extra lattice distortion, 
suggesting that the weak electron-lattice coupling is still 
important to give the band gap. Here, it should be noted 
that a perfect nesting is not required in the present sys- 
tem because the Coulomb interaction term between the 
3d electrons is very large and is comparable to the ki- 
netic energy term and that, in this sense, the magnetic 
coupling between two Mn sites can be viewed as a kind 
of superexchange coupling. 

In conclusion, we have studied possible charge and or- 
bitally ordered states in underdoped Lai-^Sr^MnOs us- 
ing the model HF calculation. It has been found that the 
ferromagnetic state with the charge ordering along the c- 
axis, .which is consistent with the experiment by Yamada 
et aln, is stable at x—l/8. It has been argued that the 
charge and orbital ordering in the ferrimagnetic state can 
be interpreted as orbital polaron lattice. In order to clar- 
ify the interplay between the charge/orbital ordering and 
the lattice distortion, the underdoped manganites should 
be studied in future using a more realistic model which 
includes the electron-lattice interaction. 
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FIG. 1. Energies per formula unit cell of the various 
charge-ordered states, the ferromagnetic state (solid curve), 
and the A-type antiferromagnetic state (dashed curve) as 
functions of hole concentration x. 
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FIG. 2. Schematic drawings of the charge and orbital 
orderings for the ferromagnetic state at x =1/8. The unit 
cell consists of four layers of z =0, 1/4, 1/2, and 3/4, each of 
which have four Mn sites. The arrows indicate spin directions 
at each site and the shaded orbitals are for Mn 4+ -like hole- rich 
sites. 
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FIG. 3. Schematic drawings of the charge and orbital 
orderings (left column) and the lattice distortions (right col- 
umn) for the hole- rich (z = 0) and hole-poor (z = 1/4) planes 
in the ferromagnetic state. The open circles and the arrows 
indicate the oxygen ions and the shifts of the oxygen ions, 
respectively. 
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FIG. 4. Schematic drawings of the charge and orbital 
orderings (a) for the ferrimagnetic states at a; =1/8 and (b) for 
the antiferromagnetic state at x = 1/4. The unit cell consists 
of four layers of z =0, 1/4, 1/2, and 3/4, each of which have 
four Mn sites. The arrows indicate spin directions at each site 
and the shaded orbitals are for Mn 4+ -like hole-rich sites. 
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FIG. 5. Schematic drawings of the orbital polarons (a) for 
x < 0.5 and (b) for x > 0.5. The arrows indicate spin direc- 
tions at each site and the shaded orbitals are for Mn 4+ -like 
hole-rich sites. 
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